AC, Carrington SD. Molecular aspects of mucin biosynthesis and mucus formation in the bovine cervix during the periestrous period. Physiol Genomics 44: 1165-1178, 2012. First published October 23, 2012 doi:10.1152/physiolgenomics.00088.2012.-Mucus within the cervical canal represents a hormonally regulated barrier that reconciles the need to exclude the vaginal microflora from the uterus during progesterone dominance, while permitting sperm transport at estrus. Its characteristics change during the estrous cycle to facilitate these competing functional requirements. Hydrated mucin glycoproteins synthesized by the endocervical epithelium form the molecular scaffold of this mucus. This study uses the bovine cervix as a model to examine functional groups of genes related to mucin biosynthesis and mucus production over the periestrous period when functional changes in cervical barrier function are most prominent. Cervical tissue samples were collected from 30 estrus synchronized beef heifers. Animals were slaughtered in groups starting 12 h after the withdrawal of intravaginal progesterone releasing devices (controlled internal drug releases) until 7 days postonset of estrus (luteal phase). Subsequent groupings represented proestrus, early estrus, late estrus, metestrus, and finally the early luteal phase. Tissues were submitted to next generation RNA-seq transcriptome analysis. We identified 114 genes associated with biosynthesis and intracellular transport of mucins, and postsecretory modifications of cervical; 53 of these genes showed at least a twofold change in one or more experimental group in relation to onset of estrus, and the differences between groups were significant (P Ͻ 0.05). The majority of these genes showed the greatest alteration in their expression in the 48 h postestrus and luteal phase groups. cervix; mucus; mucins; estrus; glycosyltransferases; RAB; SNARE; ion channels CERVICAL MUCUS IS A HETEROGENOUS mixture of mucins, other proteins, water, and ions (33). Its properties change from thin and watery during the follicular phase of the estrous cycle to thick and viscous during the luteal phase. These changes reflect a physiological need to form a fully competent antimicrobial barrier during the luteal phase of the cycle and pregnancy, while permitting sperm transport at estrus (28). The major molecular scaffold of mucus is formed by secreted mucins. These are very large glycosylated proteins comprising an apomucin protein with serine and threonine-rich tandem repeats that are heavily glycosylated, together with multiple, poorly glycosylated domains at their NH 2 and COOH termini (76). These terminal domains are involved in the initial dimerization, and subsequent polymerization, of mucin subunits into larger polymeric structures ranging in size from 2 to 50 MDa (25, 76).
while permitting sperm transport at estrus (28) . The major molecular scaffold of mucus is formed by secreted mucins. These are very large glycosylated proteins comprising an apomucin protein with serine and threonine-rich tandem repeats that are heavily glycosylated, together with multiple, poorly glycosylated domains at their NH 2 and COOH termini (76) . These terminal domains are involved in the initial dimerization, and subsequent polymerization, of mucin subunits into larger polymeric structures ranging in size from 2 to 50 MDa (25, 76) .
The protein backbone of mucins is encoded by genes with a MUC designation, which is also shared by a range of membrane bound mucins with a monomeric configuration that also have important roles in reproductive function (13) . Mucin genes are widely expressed in reproductive tract tissues, and each reproductive organ expresses a particular set of them (48) . Previously, it has been shown that their expression can be influenced by circulating steroid hormones and by disease state (42) . Mucin proteins are synthesized in the endoplasmic reticulum (ER) where a small amount of N-glycosylation is required for their normal processing. O-glycosylation subsequently occurs in the Golgi apparatus, when sugar chains are added to the hydroxyl groups of threonine and serine. The most common mucin-type O-glycans in mammals are linked through N-acetylgalactosamine (GalNAc), extended with galactose (Gal), and N-acetylglucosamine (GlcNAc), and terminated with sialic acid (NeuAc) or fucose (Fuc). GlcNac and Gal residues can be modified by sulfation, while NeuAc residues can be further modified by O-acetyl ester groups.
In the ER, secreted mucins are dimerized and N-glycosylated, while membrane bound mucins are cleaved into two subunits, N-glycosylated, and then inserted into the cell membrane. The O-glycosylation of membrane bound and secreted mucins and the multimerization of secreted mucins takes place in the Golgi compartments. Homo-oligomers of secreted mucins provide mucus with its viscoelastic properties, and are formed through disulfide bonds between their cysteine rich amino and carboxyl terminal D-domains (56) . Mucin proteins are tightly packed into storage vesicles, at low pH and high Ca 2ϩ levels (58) . Intracellular transport of these vesicles is guided by two families of proteins: RAB and SNARE. RAB proteins are involved in targeting of transporting vesicles to their various destinations, while the interaction of two SNARE proteins in different membranes brings them together to enable membrane fusion and exocytosis (29) . Exocytosis of mucin from storage granules can be modulated by bioactive factors such as hormones, neurotransmitters, biologically active peptides or pathogens (24, 31, 50) . It has been suggested that HCO 3 Ϫ is an important ion which enables mucin expansion after leaving the vesicle (58) . The stages of mucin biosynthesis are summarized in Fig. 1 .
The volume and viscoelasticity of cervical mucus changes during the estrous cycle. Potential binders of mucins such as galectin 3 and trefoil peptides may influence the structure of the "mucin mesh" (6, 68) and its inherent water binding capacity is thought to be mediated by the sulfation and sialylation of mucins (3) . Earlier studies on the uterus of the rat revealed that the water, sodium, and potassium content in uterine secretions is increased, under the influence of estradiol, and decreased by progesterone (18) . The influx of water is enabled by changes in ionic content governed by epithelial ion channels and pumps (38) . These are illustrated in Fig. 2 .
Changing levels of steroid hormones influence the morphology and function of the cervix (46) . To obtain an understanding of the molecular basis of the biosynthesis of mucins in the cervix, we performed RNA sequencing (RNA-seq) and selected those genes involved in 1) intracellular biosynthesis, 2) intracellular transport and 3) postsecretory changes in mucins. The objectives of this study were to: 1) Determine temporal changes in the expression of genes associated with mucin biosynthesis and extracellular mucus assembly in the cervix and 2) Quantify the abundance of mRNA transcripts of these genes. Fig. 1 . Schema summarizing the stages of mucin biosynthesis and secretion in the epithelial cells. mucin core peptide biosynthesis (MUC genes) (a), folding and disulfide bond formation (PDI) (b), glycosylation (glycosyl transferases) (c), mucin packaging (Ca 2ϩ transporters) (d), vesicle transport (RABs) (e), membrane fusion and mucin expulsion (SNARE) (f), gel expansion (g), and extracellular mucin interactions (galectin 3 and TFF1) (h). N, nucleus; M, mitochondrion; R, ribosome; G, Golgi; ER, endoplasmic reticulum. Fig. 2 . Schema summarizing ion channels and transporters in epithelial cells that are involved in mucus hydration. This shows the apical localization of CFTR, CaCC, and SCNNA and the basolateral location of the Na-K-Cl cotransporter, aquaporin, the Na ϩ /HCO 3 Ϫ cotransporter and Na ϩ /K Ϫ -ATPase. PM, plasma membrane. Note that most of the water moves by intracellular transport in response to the increasing Na ϩ Cl Ϫ concentration in the lumen of the cervical canal. Estrus synchronization procedure. Each animal received one controlled internal drug release (CIDR, Pfizer Animal Health) inserted into the vagina for 8 days. The day before CIDR removal animals were injected via the intramuscular route with 2 ml prostaglandins (0.25 mg/ml), (PGF2␣-Estrumate, Loughrea, Co., Galway, Ireland). Animals were observed for the behavioral signs of heat every 6 h from CIDR removal to 60 h post-CIDR removal. All animals were expected to come in heat within 48 -72 h post-CIDR removal.
MATERIAL AND METHODS

Animals
Serum hormone levels. After CIDR removal, blood samples were collected by jugular venipuncture according to the following schedule: day 0 (the day of CIDR removal) every 12 h, day 1 every 6 h, day 2 every 3 h, day 3 every 3 h, day 4 every 12 h, and days 5-8 once a day. We separated serum from plasma within 12 h of sampling and stored at Ϫ20°C before assaying concentrations of luteinizing hormone (LH), estradiol (E2), and progesterone (P4), using previously published protocols (19, 30, 64) .
Tissue collection. Tissue collection was undertaken after slaughter of the animals in cohorts at a local abattoir as follows: 1) 12 h after CIDR removal (n ϭ 6), 2) 24 h after CIDR removal (n ϭ 6), 3) at the onset of estrus (n ϭ 4), 4) 12 h after the onset of estrus (n ϭ 5), 5) 48 h after the onset of estrus, and (n ϭ 4) 6) 7 days after the onset of estrus (n ϭ 5) (luteal phase). Reproductive tracts were opened longitudinally. Strips of the cervical mucosa were dissected from the middle part of the cervix and placed in RNA later (Applied Biosystems, Warrington, UK), transferred to Eppendorf tubes, and frozen at Ϫ20°C. Tissues for histological analysis were fixed in 4% paraformaldehyde in PBS for 24 h before dehydration and embedding in paraffin, followed by sectioning at 4-m thickness and mounting on glass superfrost slides (AGB Scientific, Dublin, Ireland). Combined Alcian blue-periodic acid Schiff (PAS) staining was used to separate acid from neutral mucins in the cervical tissue. Staining was carried according to a published protocol (8) .
RNA extraction. RNA from individual animals was used for analysis. Total RNA was extracted using TRIzol reagent (Molecular Research Center) according to the manufacturers' instructions as previously described (28a). Next, RNA was cleaned using a Qiagen RNeasy mini kit (Qiagen, Crawley, West Sussex, UK) according to the supplier's recommendations. Total RNA concentration was quantified using Nanodrop spectrometry at 260 nm (Beckman Coulter, Galway, Ireland). Total RNA quality was confirmed using the RNA Integrity Number (RIN) generated by Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA). Average RNA integrity number of extracted cervical RNA was 9.01 and rRNA ratio (28s/18s) varied from 1 and 2.2 between individual samples (Supplemental Table S1 ).
1 RNA-seq sample processing, library preparation, and cluster generation. Analysis of cervical gene expression was carried out on the Illumina GA2 sequencer using the standard Illumina protocol for sequencing cDNA samples. We diluted 10 g of total RNA to a volume of 50 l and incubated it at 65°C for 5 min to disrupt the secondary structures. Samples were next washed with binding buffer, and total RNA was added to the Dynal oligo (dT) beads and rotated at room temperature for 5 min. The mRNA fraction was eluted in 10 mM Tris·HCl by incubation at 80°C for 2 min and subsequently at 65°C for 5 min. mRNA was then fragmented by addition of 1 l of fragmentation buffer (Ambion, Carlsbad, CA) to 9 l of mRNA and incubated at 70°C for 5 min. Following this, 1 l of stop buffer was added, and the sample immediately placed on ice. Elution of fragmented mRNA was achieved by adding 3 M NaOAc (pH 5.2), glycogen (5 g/l), and 100% EtOH and incubation at Ϫ80°C for 30 min. Next, samples were spun at 4°C for 25 min at 14,000 rpm, the pellet washed with 70% EtOH and then air-dried. The fragmented mRNA was then resuspended in RNase/DNase-free H 2O. First-strand synthesis was performed using random hexamers (3 g) and Superscript II (Invitrogen) by incubating the fragmented mRNA in a thermocycler (G-Storm, Surrey, UK) at 25°C for 10 min, 42°C for 50 min, and 70°C for 15 min and placed on ice. This was then used for second-strand cDNA synthesis using RNaseH (2 U) and DNA Pol I (50 U), which was incubated at 16°C in a thermocycler for 2.5 h and purified using the QIAquick PCR spin column as per manufacturer's instructions (Qiagen).
Double-stranded cDNA fragments were incubated at 20°C for 30 min with T4 DNA Polymerase (15 U), Escherichia coli DNA polymerase I Klenow fragment (5 U) and T4 PNK (50 U) to remove the 3= overhangs and fill in the 5= overhangs. Next the DNA was purified using the QIAquick PCR spin column. A single "A" base was added to the 3= end of the fragmented cDNA and incubated at 37°C for 30 min with 15 U of Klenow 3=-5= exo-enzyme and the DNA was then purified using the QIAquick MinElute column (Qiagen). DNA fragments were ligated to the proprietary Illumina genomic adapters for 15 min at room temperature with T4 DNA ligase in a 10:1 molar ratio of adapter to genomic DNA insert. To remove unligated adapters, the DNA was purified with the QIAquick MinElute column and run on gel (2% agarose 400 ng/ml ethidium bromide). A gel band of 200 bp was excised and purified with the QIAquick gel extraction kit. Finally, PCR enrichment of the purified adapter ligated DNA was performed using Phusion polymerase (New England Biolabs, Ipswich, MA) and PCR primers under the following cycle conditions: 98°C for 30 s, 15 cycles of 98°C for 10 s, 65°C for 30 s, 72°C for 30 s, and 72°C for 5 min. The PCR product was then purified with a QIAquick column. Quality and quantity of the purified product was determined prior to loading the flow cell, using the Agilent Bioanalyzer DNA 1000 chip and the Qubit (Invitrogen). Cluster generation on a single read flow-cell was carried out on the Illumina cluster generation station according to the manufacturer's instructions and each flow-cell underwent 36 cycles of sequencing on an Illumina GA2 sequencer.
RNA-seq data analysis. The sequencing data were processed using version 1.4 of the Illumina Pipeline. Base-calls were generated from the intensity files generated by the Illumina SCS software using the offline base-calling facility of the pipeline software. The sequenced reads were aligned against the bosTau4 assembly of the bovine genome (65) , with the addition of pseudochromosomes representing the known exon junctions, using the ELAND aligner from Illumina. The splice file was generated using the bovine exon information from Ensembl version 54 (44) . The CASAVA module v1.0 from Illumina was then used to determine which reads mapped to the Ensembl annotated exons and splice junctions. The raw FASTQ files and matrix of transcript counts for each sample have been submitted to the NCBI Gene Expression Omnibus (GEO) archive (9) and are available under GEO Series accession number GSE38225 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?accϭGSE38225).
CASAVA uses a predefined transcriptome to determine the counts of reads mapping to exons, transcripts, and genes. In this experiment we mapped to the Ensembl ens54 bovine transcriptome. From these counts the TPM (tags per million) and RPKM (reads per kilobase per million reads) metrics were generated for each transcript. Technical replicates were summed together at the count level to generate a single TPM count per biological replicate.
The version of Ensembl bovine annotation we used contained 28,054 transcripts, of which 5,433 were not detected in any of the samples and 18,791 were selected after filtering criteria of minimum expression level of 0.5 TPM in at least two samples.
The between groups analysis (BGA) function from the MADE4 library (22) was used to visualize the samples in a reduced dimensional representation (Fig. 3) . BGA is a dimensional reduction technique similar to principal components analysis (PCA). BGA differs from other ordination approaches in that it is a supervised approach which ordinates groups rather than individual samples i.e., for n groups find n Ϫ 1 eigenvectors that maximize the between groups variance. The raw data from this experiment was deposited in GEO under the ID: GSE38225.
qRT-PCR. Complementary DNA was synthesized from 5 g of total RNA using the High Capacity cDNA reverse transcriptase kit (Applied Biosystems, Foster City, CA). Quantitative real-time PCR was carried out on the 7500 Fast Real-Time PCR System (Applied Biosystems). Primers, designed using Primer 3 online software (http:// frodo.wi.mit.edu/primer3), were entered in the Basic Local Alignment Search Tool (BLAST; http://blast.ncbi.nlm.nih.gov/Blast.cgi) to ensure specificity and then manufactured by Eurofins MWG (Ebersberg, Germany). The list of primers used is presented in Table 1 . Each reaction was carried out in duplicate and consisted of 3 ng of cDNA, 5 pmol primer concentration, and 10 l of SYBR Green Mastermix (Applied Biosystems), with a final reaction volume made up to 20 l with RNase/DNase-free water. Cycling conditions were 50°C for 2 min, 95°C for 10 min, and 40 cycles at 95°C for 15 s, and 60°C for 1 min. A dissociation curve was included to ensure the specificity of amplification. To normalize expression data, we used multiple internal control genes. We selected 12 internal control genes from our bovine cervix RNA-seq data set on the basis of their stability of expression and examined them using geNorm algorithm integrated in the qubase-PLUS software (Biogazelle, Zwijnaarde, Belgium). Two of the most stable candidates were selected as reference genes; these were H3A3A and RPL19. Differences in gene expression levels of gene of interest were determined relative to the reference genes using delta Ct method in qubase PLUS software (Biogazelle). Statistical analysis. Data from qRT-PCR and RNA-seq was subjected to multiple fixed effects analysis of variance (SAS 9.1; SAS Institute, Cary, NC). Differences (P Ͻ 0.05) among treatment means were determined by Tukey's honestly significant difference test. Fig. 3 . Between groups analysis (BGA) using correspondence analysis of the RNA-seq data based on the overall transcriptional profile of the bovine cervix during periestrous period. This plot shows the distinct separation of the transcripts in the 6 experimental groups. Cervical tissues were collected from heifers at slaughter 12 h after controlled internal drug release (CIDR) removal (group 1: CIDR ϩ 12 h, n ϭ 6), 24 h after CIDR removal (group 2: CIDR ϩ 24 h, n ϭ 6), at the onset of estrus (group 3: estrus, n ϭ 4), 12 h after the onset of estrus (group 4: estrus ϩ 12 h, n ϭ 5), 48 h after the onset of estrus (group 5: estrus ϩ 48 h, n ϭ 4) and on day 7 after onset of estrus (group 6: luteal phase, n ϭ 5). The axes of this plot correspond to the projection of the individual samples onto the top 2 eigenvectors from the BGA analysis. 
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All primers were used at concentration 300 nM.
Values given are means Ϯ SE. Fold-changes were estimated in relation to the estrus time-point.
RESULTS
As expected, heifers in the CIDR ϩ 12 h and CIDR ϩ 24 h groups did not show estrus before slaughter. For the remaining animals (n ϭ 18) the onset of estrus was 45.5 Ϯ 2.8 h (mean Ϯ SE) after CIDR removal. The hormone profiles for heifers in the six groups showed a gradual increase of estradiol concentrations in the CIDR ϩ 12 h, CIDR ϩ 24 h, and estrus groups, followed by decrease in the estrus ϩ 12 h, estrus ϩ 48 h, and luteal phase groups. Progesterone concentrations increased from estrus ϩ 48 h to the luteal phase group. The LH surge was observed in the estrus group. Hormone profiles of animals used in this study are presented in Fig. 4 .
Transcript detection and filtering. The number of total transcripts assayed was 28,054. Of these 22,621 were detected by at least one read in at least one sample. These transcripts were further filtered down to 18,791 after noisy transcripts were removed.
RNA-seq data analysis. We found transcripts of 114 genes involved in mucin synthesis, intracellular transport, and postsecretory modifications (Table 2 ). These genes originated from Fig. 4 . Hormone profiles of the 6 experimental groups: CIDR ϩ 12 h, CIDR ϩ24 h, estrus, estrus ϩ 12 h, estrus ϩ 48 h, and luteal phase, showing changes in serum levels of estradiol (E2), luteinizing hormone (LH), and progesterone (P4). Samples were collected after CIDR removal, as follows: day 0 (the day of CIDR removal) every 12 h, day 1 every 6 h, day 2 every 3 h, day 3 every 3 h, day 4 every 12 h, days 5-8 once a day. Genes in boldface showed Ͼ2-fold changes in expression related to the estrus group and statistically significant differences between groups (P Ͻ 0.05).
the following gene families: mucin, glycosyltransferases, protein disulfide isomerases (PDIs), RAB, and SNARE, galectins, trefoils, aquaporins, ion channels, ion pumps, receptors, and transport proteins. Of these genes 53 showed at least a twofold change in one or more experimental groups in relation to onset of estrus and the differences between groups were statistically significant (Table 3, Table 4 , Table 5 ). Of these genes, 26 showed a decrease in the luteal phase in relation to rising progesterone levels.
Intracellular biosynthesis. Six functional groups of genes encoding proteins associated with intracellular biosynthesis were identified. These were: 1) mucins, 2) PDIs, 3) glycosyltransferases, 4) ion pumps and receptors, and 5) transcription factors ( Table 2) .
Mucins. Transcripts of six mucin genes encoding secreted and membrane-bound mucins were identified in bovine cervix (Table 2) . Mucin genes showed strong correlation with increasing estradiol levels. Four genes (Muc5B, Muc16, Muc1, and Genes included were selected on the basis of fold change (minimum 2-fold change in at least 1 group in relation to the onset of estrus), expression values [minimum 10 tags per million (TPM) in at least 1 group], and differences between groups (P Ͻ 0.05), values presented in boldface show minimum 2-fold increase in relation to estrus; values presented in italics show minimum 2-fold decrease in relation to estrus. Genes included were selected on the basis of fold change (minimum 2-fold change in at least 1 group in relation to the onset of estrus), expression values (minimum 10 TPM in at least 1 group), and differences between groups (P Ͻ 0.05), values presented in boldface show minimum 2-fold increase in relation to estrus; values presented in italics show minimum 2-fold decrease in relation to estrus. muc20), showed over twofold changes in expression related to onset of estrus and statistically significant differences between groups (Table 3, Table 6 ).
PDIs. Six members of the PDI family were identified in the bovine cervix: PDIA1, PDIA3, PDIA4, PDIA5, PDIA6, and AGR2. PDIs showed correlation with increasing estradiol levels. All these genes showed a significant decrease at the estrus ϩ 48 h and luteal phase compared with CIDR ϩ 12 h, CIDR ϩ 24 h, estrus, and estrus ϩ 12 h groups (P Ͻ 0.05; Tables 3 and 6 , Fig. 6 ).
Glycosyltransferases. Four types of glycosyltransferases were identified in bovine cervix. Glycosyltransferases were subdivided in the initiating, core, elongating and terminal depending on their function. We identified 10 members of initiating glycosyltransferases ( Table 2) . Most of the initiating glycosyltransferases showed a decreasing trend under high progesterone. Four genes (GALNT1, GALNT3, GALNT10, and GALNT12) showed over twofold changes in relation to onset of estrus and significant differences between groups (Tables 2,  Table 3, Table 7 ). Four members of the core glycosyltransferases were identified (Table 2) , two genes (C1GALT1 and GCNT3) showed a minimum twofold changes in relation to onset of estrus and significant differences between experimental groups (Tables 2 and 7) . We identified 10 members of the elongating glycosyltransferases (Table 2) ; seven genes (B3GNT1, B3GNT4, B3GNT8, B3GALT2, B3GALT4, GGTA1, GCNT2) showed a minimum twofold change in relation to estrus and significant differences between groups. We identified 20 members of peripheral glycosyltransferases (including sialyltransferases, fucosyltransferases, and sulfotransferases) ( Table 2) , seven genes (ST6GAL1, ST6GAL2, GAL3ST4, CHST9, CHST4, FucT-1, FucT-2) showed minimum twofold changes in relation to onset of estrus and significantly differed between experimental groups (P Ͻ 0.05; Tables 2, 3, 7) .
Ion pumps and receptors associated with Ca 2ϩ homeostasis. Two members of this group showing differential expression and were identified and these were ATP2A3 and VDR (vitamin D receptor) (P Ͻ 0.05; Table 5, Table 8 ).
Transcription factors associated with mucin biosynthesis.
Transcripts of SAM pointed domain-containing ETS transcription factor (SPDEF) was identified in bovine cervical epithelium (Table 2 ), but the expression did not show a significant difference between groups (P Ͼ 0.05).
Intracellular transport. Two functional groups of genes encoding proteins associated with intracellular transport were identified 1) RAB and 2) SNARE. All of the 28 transcripts of the RAB protein family members that were identified showed no changes in expression in relation to estrus ( Table 2) . Transcripts of 17 members of SNARE family were also identified, six genes (STX1A, STX10, STX19, STXBP4, VAMP1, VAMP5) showed a minimum twofold change relative to the estrus in at least one of the experimental groups and differential expression between groups (P Ͻ 0.05, Tables 4 and 7) .
Postsecretory modifications. Four functional groups of genes encoding proteins associated with postsecretory modifications of mucus gels were identified. These were: 1) galectins; 2) trefoil factors; 3) aquaporins; and 4) ion pumps and ion channels and transporters (Table 2 ). Galectins and trefoil factors showed correlation with estradiol levels, similar to mucins, PDIs, and initiating glycosyltransferases.
Transcripts of galectin 3 (LGALS3) and trefoil factor family (TFF)3 showed differential expression between groups and a minimum twofold change relative to the estrus in at least one of the experimental groups (P Ͻ 0.05; Tables 2, 5, and 8).
Aquaporins. The following transcripts of aquaporins were identified AQP3, AQP4, AQP5. These genes were differentially expressed between groups and the minimum twofold change in at least one experimental relative to estrus group was present (Tables 2, 5, and 8) .
Ion channels, transporters, and ion pumps. Ion channels, transporters, and pumps were subdivided in two groups related to their location. Transcripts of channels, transporter and pumps located on epithelial basolateral membranes identified were as follows: ATP1B2, ATP1A1, ATP1B1, SLC12A2, SLC4A4 (Table 5) . Transcripts of ion channels, transporters and pumps located on epithelial apical membranes were: CFTR, CLCA1, and subunits of the Genes included were selected on the basis of fold change (minimum 2-fold change in at least 1 group in relation to the onset of estrus), expression values (minimum 10 TPM in at least 1 group), and differences between groups (P Ͻ 0.05), values presented in boldface show minimum 2-fold increase in relation to estrus; values presented in italics show minimum 2-fold decrease in relation to estrus. *Apically located, †basolaterally located ion channel.
epithelial Na ϩ transporter SCNN1A, SCNN1D, SCNN1B, SCNN1G (Tables 5 and 8 ). All genes mentioned in this section were differentially expressed and represented sufficient fold change in relation to estrus to be classified as significantly regulated.
RT-PCR validation of RNA-seq results.
Representatives from the mucin and PDIA gene families were used to validate RNA-seq results. All tested genes matched the RNA-seq profiles (Fig. 5, Fig. 6) .
Visualization of mucin content in cervical epithelium. Staining with combined Alcian blue and PAS showed that cervical epithelium from animals at six experimental groups contain mixture of acidic and neutral mucins. The highest content of stored mucins was observed in the estrus, estrus ϩ 12 h, and estrus ϩ48 h group (Fig. 7) .
DISCUSSION
Overall, the expression of genes encoding secreted and membrane-bound mucins in the bovine cervix showed reduced expression in the estrus ϩ 48 h and luteal phase groups, consistent with high secretory activity at estrus and a decrease during the luteal phase (14) . Six mucin gene transcripts were expressed (encoding secreted: muc5B and muc5AC, and membrane-bound: muc1, muc4, muc16, and muc20), whereas a study of human endocervix revealed the expression of five mucin genes (MUC1, MUC4, MUC5AC, MUC5B, and MUC6) (35) . Significantly, muc6 was not expressed in the cow, but muc5B was highly expressed, with transcript levels being inversely proportional to progesterone levels as in women (36, 37) .
Previous studies on membrane-bound mucins in the reproductive tract mainly focus on uterine MUC1. In the bovine cervix, its expression was higher in the estrogen dominant phase of the estrous cycle, as for the murine uterus (74) . Conversely, MUC1 expression in the human uterus was higher under progesterone dominance (43, 57) . High cervical expression of muc1 during estrogen dominance suggests that its known role as an antimicrobial barrier (13, 54) may be important when the cervix is open. MUC1 is proposed as one of the maternal "barriers" to implantation (5) . Significantly, the blastocyst induces its local effacement from the human endometrium (57) . The role of MUC4 in the cervix is not known, but its expression is significantly greater in the cervix than in the uterus of the rat (45) . As in the rat (45) our data show that Muc4 expression is not hormonally modulated in the cow. However, its expression correlates with estrogen levels in the human cervix (37) . Muc16 was greatly downregulated in the bovine cervix during the luteal phase. This membrane-bound mucin is also proposed as a barrier to trophoblast adhesion in humans (34) . Muc20 in bovine cervix was highly expressed in the follicular phase. There are no publications on MUC20 expression in female reproductive tract, but it has been found in the urethra, vas deferens, and prostate of men (69) .
Transcripts of PDI were highly upregulated in estrogendominated experimental groups. These enzymes are involved in the folding and oligomerization of mucins (60) and other secreted proteins through their involvement in disulfide bond formation (53) . Their expression in the bovine cervix follows that of the mucins and also tracks cellular hypertrophy associated with increased mucin biosynthesis. AGR2 is a member of PDI family specifically associated with mucin oligomerization (60) that follows this trend. PDIs also act as chaperones to prevent the aggregation of unfolded substrates: a function known to assist the estrogen receptor in regulating targeted gene expression (72) . Glycosyltransferases involved in the glycosylation of mucins can be subdivided into four classes: initiating (adding the initial N-acetyl galactosamine [GalNAc] -to a serine or threonine residue on the apomucin), core (forming the core structure of an O-glycan), elongating (forming the glycan's lactosamine or polylactosamine backbone), and terminal (adding the glycan's peripheral structure) (32) . The family of GALNT encodes widely expressed polypeptide N-acetylgalactosaminyltransferases required for the initiation of O-glycosylation (80) . Recognition of free ser/thr residues, and those already carrying a GalNAc residue, forms is a part of their substrate specificity. Their hierarchical action and tissue specific expres- Samples were collected from heifers 12 h after CIDR removal (CIDR ϩ12 h, n ϭ 6), 24 h after CIDR removal (CIDR ϩ24 h, n ϭ 6), at the onset of estrus (Estrus, n ϭ 4), 12 h after the onset of estrus (Estrus ϩ12 h, n ϭ 5), 48 h after the onset of estrus (Estrus ϩ48 h, n ϭ 4), and on day 7 of the luteal phase (Luteal phase, n ϭ 5), abc Superscripts denote significant differences P Ͻ 0.05. Samples were collected from heifers 12 h after CIDR removal (CIDR ϩ12 h, n ϭ 6), 24 h after CIDR removal (CIDR ϩ24 h, n ϭ 6), at the onset of estrus (Estrus, n ϭ 4), 12 h after the onset of estrus (Estrus ϩ12 h, n ϭ 5), 48 h after the onset of estrus (Estrus ϩ48 h, n ϭ 4), and on day 7 of the luteal phase (Luteal phase, n ϭ 5), abc Superscripts denote significant differences P Ͻ 0.05.
sion profiles lead to different glycosylation patterns and influence the geometry of mucin glycan distribution (32) . This probably influences their interactions with microbial adhesins. In the bovine cervix GALNT3 and GALNT12 predominate. Unsurprisingly, an overall decrease in the transcription of GALNT genes in the bovine cervix during the luteal phase of the estrous cycle parallels decreasing mucin gene expression.
Mucin O-glycans form eight different core structures (core 1-8) through core transferase activity. Our data indicate the probable expression of Cores 1 (C1GALT), 2 (GCNT3), and 4 (GCNT3) in the bovine cervical mucin-glycome. C1GALT expression was lowest during the luteal phase, correlating with mucin expression. However, GCNT3 expression was lowest at estrus, indicating that levels of Cores 2 and 4 may fall as mucin synthesis rises. In murine oviduct, the opposite expression pattern has been demonstrated for the ortholog of this gene (55) . Transcripts encoding core synthase 3 were expressed at a very low level (Ͻ2 TPM) in bovine cervix and were excluded from our analysis.
Elongating glycosyltransferases B3GNT1 and B3GNT4 were found to increase in the luteal phase, while the expression of B3GNT8 and B3GNT9 transcripts in the luteal phase was close to the estrus expression levels. Galactosyltransferases B3GALT2 and B3GAL4 showed varying patterns of expression. B3GALT2 transcripts were highly upregulated in the luteal phase, suggesting progesterone responsiveness, whereas B3GALT4 transcripts gradually increase in transcript numbers: peaking in the estrus ϩ 48 h group. The GCNT2 transferase forms a branched polylactosamine structure (11) . Its expression was lowest at estrus, when mucin expression is maximal. Therefore, a reduction in the abundance of this structure (the I antigen) may be important for sperm transit.
Terminal glycosyltransferases determine the patterns of peripheral glycosylation of mucins, thereby influencing molecu- , and PDIA6 (F). Samples were collected from heifers 12 h after CIDR removal (CIDR ϩ 12 h, n ϭ 6), 24 h after CIDR removal (CIDR ϩ 24 h, n ϭ 6), at the onset of estrus (estrus, n ϭ 4), 12 h after the onset of estrus (estrus ϩ 12 h, n ϭ 5), 48 h after the onset of estrus (estrus ϩ 48 h, n ϭ 4), and on day 7 of the luteal phase (luteal phase, n ϭ 5). Differences in gene expression levels of gene of interest were determined relative to the reference genes (H3A3A and RPL19) using ⌬CT method. ab: columns with no common superscript differ (P Ͻ 0.05). . Samples were collected from heifers 12 h after CIDR removal (CIDR ϩ 12 h, n ϭ 6), 24 h after CIDR removal (CIDR ϩ 24 h, n ϭ 6), at the onset of estrus (estrus, n ϭ 4), 12 h after the onset of estrus (Estrus ϩ 12 h, n ϭ 5), 48 h after the onset of estrus (estrus ϩ 48 h, n ϭ 4), and on day 7 of the luteal phase (luteal phase, n ϭ 5). Differences in gene expression levels were determined relative to the reference genes (H3A3A and RPL19) using ⌬CT method. abc: columns with no common superscript differ (P Ͻ 0.05). lar interactions, water binding, and barrier function (16) . They also have a role in controlling mucin degradation (20) . ST6GAL1 was the most abundant sialyl-transferase transcript in the bovine cervix. This agrees with a previous lectin histology study showing ␣-2,6 linked sialic acid, but not the ␣-2,3 linkage, to be readily detectable in the periestrous period, with reducing levels in the luteal phase (62) . Nevertheless, we found that transferases with the ␣-2,3 specificity are expressed in the bovine cervix. Though not strictly glycosyltransferases, sulfotransferases are commonly considered alongside terminal glycosyltransferases because sulfation is a common modification of mucin-type glycans (15, 49) known to affect their molecular interactions. Interestingly, transcripts of GAL3ST4 and CHST9 were highest in the luteal phase where mucin expression is decreased. In contrast, the more abundant transcripts of CHST4 peaked in the CIDR ϩ 12 h group, prior to estrus. This transferase generates ligands involved in leukocyte trafficking. Fucosylated glycans play an important role in host-microbe interactions, leukocyte trafficking, and fertility (10, 67), but FUT1 and FUT2 knockout mice have apparently normal fertility (26) . FucT-2 was the most abundant fucosyltransferase among the modulated transcripts. It decreased in the estrus ϩ 48 h and luteal-phase groups, following the general trend of mucin expression. The profile of FucT-1 expression was initially similar, but rose again in the luteal phase.
The condensation of mucin molecules into intracellular vesicles requires high concentrations of calcium to counter repulsive forces between the polyanionic mucins (1). Consistent with the profile of mucin gene expression in the cervix, the expression of the ATP2A3 gene encoding a calcium pump transporting calcium into the endoplasmic reticulum was decreased in the luteal phase. In contrast, the nuclear VDR gene showed significantly increased transcription after estrus. Through this receptor, vitamin D controls mineral ion homeostasis and intestinal calcium absorption (61) . The potential significance of this receptor in mucin packaging has been shown in VDR-ablated mice (61) .
The generic roles of RAB GTPases in vesicle trafficking and exocytosis are directly implicated in mucin secretion (7, 70, 73) but did not show dynamic changes in expression across our experimental groups. SNARE proteins, which function in vesicle fusion during exocytosis (12) , were elevated in the estrus ϩ 48 h group toward the end of the estrus-related secretory burst. Surprisingly, some showed even higher TPM under progesterone dominance.
Galectins are lectins that bind beta-galactosides. We focused specifically on galectin 3 as it is associated with mucin binding and has been previously shown to be located in cervical mucus-secreting cells in the cow (47) . Transcripts decreased gradually from before the onset of estrus to the luteal phase group. Investigation of galectin 3 gene (LGALS3) expression in the human endometrium showed an opposite pattern and was increased in the luteal phase of the cycle (79) . This difference suggests different functional roles for this lectin at these two sites.
Trefoil peptides are involved in epithelial protection and restitution (75) and bind to or cross link mucins (68, 77) and mucin-associated proteins (2) . As expected, our data show TFF3 expression to be correlated with mucin gene expression. As for the human cervix (71), TFF3 expression was extremely high in our data (Ͼ2,200 TPM), suggesting an important functional role. As for other tissues (63) , TFFs show tissuespecific colocalization with particular secreted mucins (51) . Our data indicate that TFF3 and muc5B may colocalize in the bovine cervix.
Aquaporins are involved in remodeling and hydration of the female reproductive tract. In the murine cervix, AQP3 and AQP4 were found in the basolateral aspect of the endocervical epithelium, whereas AQP5 was primarily expressed apically (4). In the bovine cervix, AQP3 and AQP4 expression peaked after estrus, whereas AQP5 declined. This inverse trend was also observed in the cervix of pregnant mice (4) . A greatly increased expression of AQP4 in the luteal phase may drive water removal and mucus thickening (78) .
The Cl Ϫ channel CLCA1 localizes to active secretory and absorptive sites (39) and is increased in the lungs of human asthmatics (81) , where mucus is overproduced. Our findings show bovine cervical CLCA1 expression to be increased during the follicular phase when watery mucus is abundant, with a decrease during the luteal phase when mucus thickens. The CFTR-gated chloride channel is located within the apical membranes of many epithelia (21) . This channel has a role in the hydration and expansion of cervical and vaginal mucus (17) . Significantly it also transmits bicarbonate, which is required for mucus expansion, and the failure of this mechanism is directly implicated in infertility due to cystic fibrosis (58) . Transcripts for CFTR were found in bovine cervical tissue, and expression relative to estrus was increased in group estrus ϩ 12 h (by 3.7-fold) and estrus ϩ 48 h (by 3.1-fold). These timepoints coincide with sperm transit through reproductive tract secretions when estrogen is falling and progesterone levels are rising. Therefore, our results support a role for chloridemediated hydration and bicarbonate-mediated restructuring of secreted mucus in sperm transport. This disagrees with previous suggestions that CFTR expression correlates directly with estrogen levels in the cervix of women (41) and the rat uterus (66) .
The Na-K-Cl cotransporters, are located in the basolateral membranes of epithelia that are actively involved in ion and fluid transport. The expression of the SLC12A2 Na-K-Cl cotransporter gene decreased to 0.4-fold of its estrus value in the luteal phase, which corresponds with reduced water transport to the lumen of the cervical canal. The Na ϩ /K ϩ ATPase encoding gene (ATP1B2) was increased to 2.1-fold of its estrus value in the estrus ϩ 48 h group and to 11.4-fold in the luteal phase group. Its known role in maintaining and electrochemical gradient across cell membranes and supporting muscle contraction may be important in closure of the cervix after estrus (27) and in the changes of the secretory function as it was previously linked to the lacrimal gland function in rabbit (23) .
Genes encoding four subunits of the apically located epithelial (amiloride-sensitive) Na ϩ channel was identified and had different expression levels. Subunit A, which is the only one that is capable of transporting Na ϩ ions, was downregulated by 0.5-fold in the estrus ϩ 48 h group in relation to estrus, similarly to subunit G. This is consistent with a reduction in the reabsorption of Na ϩ ions being relevant for optimizing mucus secretions for sperm transit. Subunits B and D were upregulated in the CIDR ϩ 12 h, estrus ϩ 12 h, estrus ϩ 48 h, and luteal phase group. These subunits have a regulatory functions, but their precise role is not known (59) .
In our data set, the basolaterally located Na ϩ /HCO 3 Ϫ cotransporter (SLC4A4) was upregulated by 2.7-fold in the estrus ϩ 12 h group in relation to estrus. This agrees with a requirement for the secretion of bicarbonate ions to facilitate mucin expulsion and mucus expansion during sperm transit (40, 58) . Indeed, in rhesus monkeys the high bicarbonate content in ovulatory mucus in the oviduct is associated with high sperm penetrability (52) .
To summarize, we have shown that changes in biochemical and biophysical properties of mucus are reflected in the transcriptome of the bovine cervix in the periestrous period and depend upon the levels of steroid hormones. The majority of genes described in this study were strongly regulated in the postestrus period with ϳ50% being downregulated in response to rising progesterone levels and the other 50% being upregulated. This differentiation can be directly related to temporal changes in mucin biosynthesis and processing and mucus gel formation. Several mucin genes, and members of gene classes involved in assembling and glycosylating mucins, have coordinated expression profiles. These show low transcription in the luteal phase when mucus production is low and maximum expression at the onset of estrus when mucus levels are high (Fig. 7) . The same pattern was followed by single members of the remaining gene families (AQP5, LGAL3, CLCA1, SLC12A2, SCNN1D, and ATP2A3), whereas the majority of other genes in these families showed different expression patterns: probably due to an involvement in other cellular processes. This study provides for the first time a detailed description of cycle-related changes in the transcriptome of the bovine cervix that are involved in the biosynthesis, posttranslational modification, and intracellular transport of mucins, and the formation and modification of cervical mucus gels.
